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Abstract

Additive engineering is emerging as a powerful strategy to further enhance the performance of perovskite solar
cells (PSCs), with the incorporation of bulky cations and amino acid (AA) derivatives being shown as a promising
strategy for enhanced device stability. However, the incorporation of such additives typically results in
photocurrent losses owing to their saturated carbon backbones hindering charge transport and collection. Here
we investigate the use of amino acids with varying carbon chain lengths as zwitterionic additives that enhance
PSC device stability, in air and nitrogen, under illumination. We discover that stability is insensitive to chain length
however, as anticipated photocurrent drops as chain length increases. Using glycine as an additive results in an
improvement in open circuit voltage from 1.10 to 1.14 V and a resulting power conversion efficiency of 20.2%
(20.1% stabilized). Using time-of-flight secondary ion mass spectrometry we confirm that the AAs reside at the
surfaces and interfaces of our perovskite films and propose the mechanisms by which stability is enhanced. We
highlight this with glycine as an additive, whereby an 8-fold increase in device lifetime in ambient air at 1-sun
illumination is recorded. Short circuit photoluminescence quenching of complete devices are reported and reveal
that the loss in photocurrent density observed with longer carbon chain AAs results from inefficient charge
extraction from the perovskite absorber layer. These combined results demonstrate new fundamental
understandings in the photophysical processes of additive engineering using amino acids and provide a

significant step forward in improving the stability of high-performance PSCs.



1. Introduction

Whilst significant efforts have been made to obtain power conversion efficiencies (PCEs) exceeding 25 % in
perovskite solar cells (PSCs) in parallel there has been a tremendous research focus directed at addressing
stability issues in PSCs .13 Several layers in complete device stacks are susceptible to degradation by processes
including electrode corrosion # and interfacial degradation® however it is the intrinsic instability of the perovskite
absorber that must be addressed if long-term stability is to be achieved.® A number of extrinsic factors including
moisture, heat, bias, oxygen and light have been identified as causes of perovskite degradation.® To overcome
these issues numerous sophisticated strategies have been proposed, including additive engineering,
incorporating superoxide scavengers and metal-organic frameworks (MOFs), introducing hydrophobic
interlayers and halide substitutional doping.”1! Of these strategies, additive engineering is seen as an effective
means of improving stability and often, in parallel, improving device PCE.}>*> For example, the addition of
quaternary ammonium halides is reported as an efficient means of improving shelf-stability in ambient air 13
whilst crosslinking species i.e. butylphosphonic acid 4-ammonium chloride and p-amino-benzoic acid can greatly
improve moisture sensitivity. 141> Of the factors influencing degradation, the combination of oxygen and light are
identified as significant factors limiting the lifetime of unencapsulated devices operating in air®%1%17 as their
combination results in degradation driven by superoxide (O,) formation.’® Notably, in screen printed methyl
ammonium lead iodide (MAPbIs) devices the incorporation of low concentrations of aminovaleric acid (AVA) as
a processing additive results in improved operational stability in air.®® Whilst stability enhancements can be
achieved in most studies where AVA is used as an additive a reduced short circuit current density (Jsc) is normally
observed.”!%2° Similar reductions in Jsc have been reported with other bulky cation addivites,??> however the

origin of these Jsc reductions are typically overlooked and their origins remain unexplored.

Photoluminescence (PL) measurements are regarded as an effective means of evaluating recombination and
charge transfer in perovskite films, perovskite/charge transport layer (CTL) junctions, and complete devices. PL
in perovskite films is related to the electronic trap states,”® and the PL quenching efficiency (PLQE) of the
transport layer can be used to evaluate the charge transfer of the perovskite/CTL junction. It has recently been
reported that the PL quenching of the entire device is voltage-dependent, indicating the PL of the complete
device (device PL) under different voltages can reflect the J-V characteristics of the device. These observations
show that PL measurements can effectively evaluate the recombination and charge transfer in solar cells and be

used to probe the origins of J variations.

The large variety of defects that may exist at/near the perovskite surface can give rise to electronic trap states
with a wide range of energies, however, the charged nature of many of these defects means that passivation can
be achieved by a variety of ionic bonding and coordinate bonding strategies.?* The carboxylic and amine end
groups of AVA are considered advantageous owing to their zwitterionic nature as the positive and negative
terminations of the molecule can bond to, thus passivate, surface cationic and anionic defects. Indeed reports
employing perovskite quantum dots suggest that their zwitterionic nature gives rise to a dual passivation effect.?
In the case of AVA, we have previously demonstrated that the additive preferentially locates on the surfaces and

interfaces of perovskite grains. However, the aliphatic chain between end groups may act as a barrier to charge
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extraction in devices.® Integrating a conjugated core to such molecules has been explored as one strategy to
defect passivation,?® and here we investigate modifying the aliphatic chain length, whilst preserving the end
group functionality using four AAs with various carbon chain length, namely AVA (4C), y-aminobutyric acid (3C),
B-alanine (2C) and glycine (1C), Figure 1a. These materials have been investigated as interface modifiers 2% and
additives in mesoporous PSCs!® where they are reported to improve device performance by promoting the
formation of low-dimensional perovskite phases at surfaces and grain boundaries.?®? However, their
incorporation aa additives in planar PSCs remain unexplored. We investigate the incorporation of these AAs into
MAPDbI; PSCs and demonstrate a universal improvement in stability against oxygen induced photodegradation.
Surprisingly the stability enhancement is insensitive to changes in AA chain length, however in parallel an
observed reduction in Js occurs as chain length increases. We find that the Jic reductions correlate with
steady-state photoluminescence quenching (PLQ) measurements, providing direct evidence of reduced charge
transfer as chain length increases. Strikingly, the addition of glycine (1C) results in an increase in open circuit
voltage (Vo) from 1.10 V to 1.14 V without associated Js. losses, resulting in champion devices with a stabilized
PCE of 20.1 %. Devices with glycine as an additive also exhibit the greatest unencapsulated operational stability.
This work successfully investigates and explains reductions in Jsc observed with additive incorporation and
outlines an effective strategy employing the AA glycine as a PCE and stability enhancing additive. Overall our
results reveal a range of morphological modifications that occur when incorporating the AAs. Specifically, a
reduction in grain size as aliphatic chain length increases. Hence, the choice of glycine as the optimum additive
is made by balancing the structural modifications with the zwitterionic nature of the end groups ability to
passivate surface defects, the reduced PL quenching and taking into consideration the aliphatic chain and its role
in impeding charge collection. In many ways we can draw an analogy with perovskite quantum dot systems —not
in length scale but acknowledging that in such systems the long aliphatic tails of passivating ligands can impede

charge transfer and facilitate the radiative recombination in the perovskite.

2. Results and discussion

2.1 Film deposition and device preparation

PSCs were prepared with a structure (layer thickness in parentheses) of glass/ITO/PTAA(10 nm)/PFN (<10 nm)/
MAPbI3 (300 nm)/PCBM(50nm)/BCP (<10nm)/Cu (100 nm), full details are given in experimental methods. A
typical device cross-sectional scanning electron microscopy (SEM) image is shown in Figure S1. Here the MAPbI3
solutions were prepared by dissolving 1.5 mol dm methyl ammonium iodide (MAI) and 1.5 mol dm™ Pbl, in a
solvent mixture of DMF/DMSO (8.9:1.1 volume ratio). Solutions of the AAs were prepared by dissolving AAs in
deionized water each to a concentration of 1.5 mol dm. The perovskite thin films were prepared by spin-coating
1.5 mol dm3 of the MAI/Pbl; solutions with and without the addition of 1-2 vol. % of the various AAs, reference
cells were also prepared using only deionized water. All films were aged in dry air under LED arrays with 1 sun
illumination intensity for 1-3 hours. For device preparation PCBM and BCP were sequentially solution processed
prior to thermal evaporation of Cu as a top contact. Where extended lifetime testing was carried out Cu was

replaced by Cr (3.5nm)/Au(100nm) the eliminate concerns around electrode stability/oxidation.



2.2 Performance of planar structure perovskite solar cell employing amino acid additives

We first consider the device performance of PSCs with the AAs added at a concentration of 1 vol. %, the J-V
characteristics of which are shown in Figure 1b. The devices prepared with glycine (1C) are comparable to, if not
subtly better than additive free devices - however the measured PCE values for devices prepared with the longer
carbon chain additives decrease with increasing chain length, driven by significant reductions in Js.. The average
device parameters are shown in Table S1. This behavior is consistent with recent work by Huang and co-workers
where bilateral alkylamine molecules with various carbon chain lengths were employed.®® The values of
hysteresis index for the water treated and 1C devices are close to zero, and lower than the pristine devices whilst
HI increases with increased aliphatic chain length. 3! The external quantum efficiency (EQE) measurements,
Figure S2, agree well with the measured device Jsc values. Increasing the concentration of the AAs to 2 vol %,
Figure 1c, unsurprisingly results in significant Jsc losses in devices prepared with 2C-4C chain length AAs, Figure
1d, however devices prepared using glycine again show improved performance characteristics compared to the
additive free device. Noticeably, the PCE of devices containing 2 vol. % glycine improved from 18.99 (+ 0.49), to
19.54 (+ 0.21%) reaching 19.86 (+0.31%) in additive free, 1 vol. % and 2 vol. % films respectively. In the later the
performance increase is driven by an increase in Vo from 1.10 (+0.01V) to 1.14 (+0.01V) compared to the
reference devices whilst Jsc was maintained. The champion cell, prepared with 2 vol. % glycine (1C), achieved a

PCE of 20.2 % in both forward and reverse scan directions (0.1 V s!) and a stabilized PCE of 20.1%. (Figure 1e).

2.3 Thin film stability

Figure 2a highlights the 12 — 15 °26 range of the X-ray diffraction (XRD) patters for films aged for 1 and 3 hours
with the various AAs at 1 vol. %, an additive free reference film is also included to allow fair comparison of the
data. The same data are plotted separately using a semi-log scale in Figure S3. This XRD region is very sensitive
to structural changes, as it contains the major diffraction peak of MAPbI; (110) around 14.1°26 and also the
major diffraction peak of the degradation product Pbl, (001) at 12.60° 20.12*32 Considering the AA-free
reference film a distinct Pbl, peak is observed after 1 hour with the MAPbI; (110) disappearing, indicating near-
complete degradation, after 3 hours ageing. In contrast, films prepared with AAs show no appreciable signs of

Pbl, formation after 1 hour aging, and after 3 hours show significantly less Pbl, then in the additive free films.

Whilst such data should not be used to make a quantitative comparison between films, when comparing the
intensity of the MAPbI3 (110) to that of Pbl; (001) in the AA films it appears that the amount of Pbl, formed after
3 hours reduces as the chain length of the additive reduces. This can be ascribed to the reduced grain
size/increased grain boundary concentration in the films prepared with longer chain length AAs (Figure S4), as
oxygen induced photodegradation has been shown to initiate at grain boundaries.3® The images in Figure 2c
show photographs of the films before and after 3 hours ageing. The distinct yellow color seen in the aged additive
free film is evidence of near complete degradation of MAPbI; to Pbl, whereas the films with the AAs show no
discernible color change. Thus, all of the AAs appear to be having an active role in preventing photodegradation,

with some dependence on carbon chain length that originates from microstructural changes in the films.



2.4 Radiative recombination in perovskite solar cells with amino acid additives

Others have shown, that by introducing low concentrations of bulky cations into perovskite precursor solutions
or subsequently depositing these materials on the surface of pre-formed perovskite films, significant PCE
enhancements can be achieved.??23436  Sych improvements are driven by increases in Vo, explained by a
variety of defect passivation mechanisms, however in parallel reductions in device Js are often observed. 22237
In recent work we have shown that charge transfer from the perovskite to the charge transporting layers (CTLs)
can be inhibited when bulky cation concentrations exceed specific low concentrations, 37 but in contrast note
that in the perovskite light emitting diode (PeLED) literature significantly higher concentrations of such additives
can be tolerated.3¥3° We propose here that the J,c losses in PSCs originate from a reduction in charge transfer i.e.

increased bimolecular (radiative) recombination losses in the perovskite whilst operated at short-circuit.

To validate this hypothesis, photoluminescence quenching (PLQ) measurements were conducted on bare
perovskite films on glass and on completed devices at short circuit. Whilst thin film PLQ measures have been
extensively reported in the literature there are remarkably few reports of PLQ in complete devices.*** Here, for
the first time, we employ a combination of thin film and complete device PLQ measurements to evaluate short-
circuit current losses in devices. Schematic illustrations of the processes occurring under these different
conditions are shown in Figure 3, where PLsc/PLpvk represents the proportion of charge carriers that radiatively

recombine in the device at short circuit relative to a perovskite film thin film i.e. in the absence of CTLs.

2.5 Photoluminescence quenching of MAPI; films

All PL measurements were carried out under 1 Sun equivalent illumination. In the first instance we studied the
steady state (PLevk) of perovskite thin films on glass, Figure 4a. A significant increase in PL intensity (approx. 6-fold)
is observed in all 1 vol. % AA films compared with the AA-free reference films. This is accompanied by longer PL
lifetimes (Figure S4) that are generally related to reduced charge trapping. These observations confirm that the
non-radiative trap density has been reduced, which can be explained by the carboxyl group or amine groups
bonding with the Pb-I framework, passivating surface defects. ***3 We also observed blue shifts of the PL peak
in AA films compared with the reference films, such blue shifts have been shown to correlate with the removal
of surface defects in perovskite films.* Figure 4b shows the PL spectra of perovskite films sandwiched between
the electron (PCBM) and hole (PTAA) CTLs (PLcris). It is well established that under illumination films interfaced
with CTLs will transfer a large proportion of free charge carries to the CTLs, thus strong PL quenching will occur,*
and indeed significant quenching is observed in all films here. The data in Figures 4a-b is summarized into the
plot shown in Figure 4c. To investigate further differences in the PL behavior of films with and without CTLs, the
calculated PLcris/PLpvk values are plotted in Figure 4d. Interestingly the additive free and film with glycine added
obtain comparable PLcris/PLevk values, around 10 %, whilst in contrast films with longer carbon chain length AAs
have PLcris/PLpvk values of around 30 %. This indicates that the AA-free films and those prepared with glycine
show similar behavior in terms of the transfer of photogenerated charge carriers to the respective CTLs, whereas
the efficiency of this charge transfer is significantly impeded where 2-4 carbon chain length AAs are added,

resulting in greater radiative recombination in the bulk.



2.6 Photoluminescence quenching of devices at open and short circuit

Device PL measurements have been demonstrated to be an effective and unambiguous in-operando approach
to assessing the charge carrier extraction efficiency in perovskite PV devices.**647 Recently we have shown that
dramatic PL quenching occurs when an efficient device is switched from open to short circuit, owing to the
efficient charge collection at short-circuit. *® Given that device PL at open circuit is analogous to PLcris, we can

now combine CTL PL quenching with device PL quenching.

Anillustration of the PL emission measurement of complete devices at open and short circuit conditions is shown
in Figure 5a. The corresponding PL spectra for AA-free and the devices prepared with the AAs are shown Figure
5b-f, where the device PL intensities are normalized by the device PLoc. There is a clear increase in the PLsc as
the AA carbon chain length increases. The calculated PLsc/PLac is plotted in Figure 58 and shows that PLsc/PLoc
gradually increased from 10% to 60% when the carbon chain length increases, indicating that the charge carrier
extraction induced by switching from open to short circuit becomes less efficient as the chain length is increased.
Again, we find that the device incorporating glycine as an additive shows comparable PLsc/PLoc behavior to the
reference cell suggesting equally efficient charge extraction in the additive based device. By combining the values
of PLcris/PLpyk from thin film PL in Figure 4d and PLsc/PLoc from device PL in Figure 5g we can calculate the PL

accumulation moving from a film to a device at short circuit. The ratio of PLsc/PLpyk is calculated as:

PLsc/PLpvk =(PLcris/PLpvk)*(PLsc/PLoc) equation 1

where PLsc/PLpvk represents the density of charge carriers remaining in the perovskite film within the device at
short circuit relative to an uncontacted perovskite film, and so is quantification of the overall extraction efficiency
at short circuit under one sun irradiation. Figure 5h plots the PLsc/PLpvk and Jsc of the corresponding devices. As
expected, the trend of PLsc/PLpyy is inverse to that of device Jsc, where current density drops with increasing
carbon chain length of the AA. This observation provides direct evidence that the loss of J.c with increased carbon
chain length results from increased bimolecular recombination in devices operated at short-circuit conditions.
The increasing aliphatic chain length of the AAs clearly hinders charge extraction. However, the 1C AA, glycine,
shows comparable PLsc/PLpvk and Jsc as the reference cell, with an enhanced V.. resulting from defect passivation

—and thus an enhancement in PCE.

2.8. Mass Spectra Analysis

To identify and locate the AAs we employed time-of-flight secondary ion mass spectrometry (ToF-SIMS). The data
show that the AAs reside on the surfaces and grain boundaries of the perovskite films. We chose aminovaleric
acid (4C) and glycine (1C) as the extremes of carbon chain length. In order to achieve statistically sound
data - given the large number of variables that could influence the mass spectra three
ITO/poly(triaryl amine)(PTAA)/MAPbIz/AA samples for each AA were fabricated. In each sample, mass spectra
were obtained from four different areas giving a total of twelve mass spectra for each precursor solution.
Measurements were performed with low applied ion dose densities of less than 1.0 x 102 ions/cm?. For all

obtained mass spectra, achieving static conditions in which mass spectra obtained are representative of the true



surface rather than pre-bombarded areas. Figure 6 shows the mass spectra obtained from AA-free reference
films in addition to films with AVA and glycine. Considering the glycine films firstly, a mass peak assigned to
[Gly-H]™ (m/z = 74.024) can be distinguished that is absent in the other films (Figure 6a). Similarly, Figures 6b-c,
show two distinct mass features in the AVA films that can be assigned to [AVA-H]™ (m/z = 116.07) and [AVA]~
(m/z=117.08). The mass fragments identified are characteristic of each of the AAs used and no similar peaks
are observed in the AA-free reference films. Therefore, we can conclude that the addition of glycine and AVA to

precursor solutions has an effect on their overall surface composition of the MAPDbI; films.

2.7 Device stability and iodide diffusion

We have thus far focused on the origins of device efficiency changes in PSCs prepared with AAs, we now turn to
consider the role these additives play in stability against photodegradation. As electrode instability can
contribute to device degradation during extended testing, here a Cr/Au bilayer is used to minimize such effects.*®
Figure 7a shows the normalized PCE vs. time of AA-free and 1 vol. % glycine devices tested in N, under 1 Sun
illumination. The AA-free device drops 15 % of the initial PCE (tss lifetime) after 192 hours whereas the device
with the added glycine takes some 420 hours to reach tss. Degradation in air is faster for the same devices, Figure
7b, with the AA-free reference reaching tss after only 10 hours testing compared with 80 hours for the 1 vol %
glycine device. In order to probe any potential morphological changes that may be occurring during lifetime
testing we again employed XRD to characterize the structure of our MAPbI; films before and after testing, both
with and without glycine added, Figure 7c. It’s important to note that here we anticipate slower degradation
owing to the presence of the ETL and the electrode that can function as a superoxide scavenger and oxygen
barrier respectively. ® This is evidenced by the relatively small quantities of Pbl, observed in the AA-free reference
cell even after 120 hours testing however in the same reference device we see evidence of a structural
rearrangement occurring prior to the onset of significant degradation. Specifically, a shoulder appears on the low
20 side of the MAPbI; (110) diffraction peak. It is not uncommon to see asymmetry in the MAPbI; (110)
diffraction peak owing to the underlying (002) peak of the tetragonal phase being stabilized at room
temperature.*® Hence the apparent absence of the Pbl, (001) peak normally associated with degradation does
not eliminate structural transitions associated with extended lifetime testing, * that does not occur in the
presence of glycine. The same data are plotted separately using a semi-log scale in Figure S6. From our ToF-SIMs
analysis and previous work with AVA we know that such additives preferentially locate at surfaces and grain
boundaries, & hence may be providing a steric barrier to reorganization or there may be an energetic barrier to
their mobility that infers stability. Whilst we cannot be conclusive as to the origins of this behavior the evidence

for a morphological change is compelling.

Finally, in order to further provide insights into the vertical distribution of ions as a function of operational time,
dynamic ToF-SIMS was employed to analyze how the AAs influence chemical depth profiles, particularly the
susceptibility of ion diffusion. For all aged devices I-(m/z = 126.92) is observed on the electrode surfaces and
both I" (m/z = 126.92) and I,"(m/z= 253.8) at the electrode/BCP interface (Figure 7d). In the AA-free device, the
concentration of I~ is much higher within the electrode/BCP/PCBM layers. This suppressed diffusion of I

observed with AA incorporation is symptomatic of a more stable absorber layer, supported by the reduced
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decomposition of devices incorporating glycine under oxygen and light stress (Figure 2a) and enhanced device
stability in Figure 7a. Analyzing Pb,l, profiles (Figure 7e), there are no significant differences that can be observed.
Considering the ratios of Pb-based mass fragments, there does not seem to be any chemical changes within the
absorber layer between the samples. Thus, given that significant differences in only | ~(m/z = 126.92) were

observed, diffusion of 1™ is likely to be accountable for the reduction in measured device stabilities.

3. Discussion

We have demonstrated a strategy to enhance the intrinsic stability of MAPbIs against oxygen induced
photodegradation by incorporating AAs with various aliphatic chain lengths as processing additives. Interestingly,
all of the additives investigated yield comparable stability enhancements yet dramatic differences in PCE are
observed. The change in PCE correlates with changes in the AA carbon chain length, where increases in chain
length leads to Jsc reductions and overall reductions in PCE. Utilizing a suite of steady state PL quenching
techniques, including standalone thin films and films interfaces with charge transport layers (PVK-to-CTLs) and
carrying out open to short circuit quenching (OC-to-SC) on complete devices we provide direct experimental
evidence that the Js losses observed with longer carbon chain additives correlate with a reduction in charge

extraction efficiency.

Incorporating AAs into MAPbI; has several advantages. Firstly, incorporating glycine (1C) results in enhancements
of device Vo, from 1.10 to 1.14V in planar PSCs. This is attributed to defect passivation, which is supported by
the enhanced PL yield seen (Figure 4a). Defect passivation is a well-known strategy for reducing non-radiative
recombination losses and improving Vo..2**° Interestingly the AAs investigated all improve stability against
oxygen induced photodegradation. AAs are amongst the best known zwitterions that should, in principle, allow
for the passivation of anionic and cationic defects by a single molecule. In the case where one defect is
predominant the AAs remain able to passivate — unlike other common additives that may be either anionic or
cationic. In the case of oxygen induced photodegradation, which has been shown to be induced by superoxide
attack on halide vacancies,'®>! then the carboxyl group of the AAs will be involved in defect passivation. This
behavior also helps explain the enhancements in operational stability observed in both N; and dry air, with the
former a lifetime more than double (tss) that of additive free devices is seen, 420 hours compared with 192 hours,
In inert conditions ion migration, facilitated by surface defects, has been shown to contribute to accelerated

degradation® — this can however be minimized by additives that preferentially locate at grain boundaries.>3™°

Using ToF-SIMS we show that the AAs locate preferentially on film surfaces and interfaces i.e. grain boundaries
which provides compelling evidence that surface passivation lies at the origin of the enhanced stability against
oxygen induced degradation. It should be noted that spatial variations cannot be captured in these
measurements as the beam conditions have not been optimised for sch. Even when optimised, the highest
spatial resolution obtainable would be on the order of microns. The discussed scattering data and mass spectra
thus only provide evidence of the AA presence on the surface of the samples but are unable to spatially resolve
their location. We can therefore consider possible bonding mechanisms for hydrogen and ionic bonding between

functional groups and the film surfaces that would explain the observed increased photostability and
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enhancement in device properties. % In the case of the functional groups present in the AAs carboxyl groups (R
—COOH) can undergo hydrogen bonding with under-coordinated | atoms on the surface whilst the amine
groups(R —NHz), that will be protonated in solution (R —NHs*) can undergo hydrogen bonding with surface

dangling bonds. **Furthermore, ionic bonding can occur between —COO~and V;* and/or under-coordinated Pb.

The rather short lifetimes (tss) observed in air are anticipated owing to the additional degradation pathways
available in addition to contributions from oxidation of interlayers and contacts. Nonetheless the impact of AA
addition was beneficial, with devices incorporating glycine exhibiting an 8-fold lifetime increase compared with
additive free devices. We note that this is, to-date, one of the best reported lifetimes for planar structured PSCs

that have undergone maximum power-point ageing without encapsulation.®’

Interestingly, the AAs also have a strong influence in the grain size observed in our polycrystalline films, Figure S1.
There is a direct relationship between increases in grain size and improvements in J, thus PCE, which is
anticipated *®°° however the ability to stabilize smaller grains may be attractive to the PeLED community as
bimolecular recombination is more likely. 352 Thus our results also allow us to begin to correlate microstructural
modulations with photophysical measurements with the grain size changes here likely contribute to the

significant charge transfer and PLsc/PLevk changes in the MAPbI; with different AAs.

4. Conclusions

In summary, we have demonstrated the incorporation of a range of AAs into MAPbI; based perovskite solar cells
that result in reductions in oxygen induced photodegradation. Enhanced stability is observed with all of the AAs
investigated, however there is a noticeable reduction in J,c and consequently PCE as the carbon chain length of
the AAs increase. We provide direct evidence that these Jsc losses correlate with the increased PLsc/PLpyk ratio of
devices held at short circuit and also directly probe the location of the AAs, confirming their presence on grain
surfaces and interfaces. Comparing the microstructure of the MAPbI; with the various AAs there is also an
observed modification in grain size, whereby an inverse relationship exists with the chain length of the AA j.e.
longer aliphatic chains result in smaller grains, which negatively impacts charge transfer efficiency. Thus, we
conclude that the AAs investigated universally offer a means of stabilizing devices against oxygen induced
photodegradation however the aliphatic nature of the molecule means that charge extraction is hindered when
larger AAs are incorporated. Using glycine, with only one carbon between the amino and carboxyl groups of the
molecule, improvements in device power conversion efficiency can be achieved whilst simultaneously extending
the lifetime. The incorporation of AAs into the perovskite active layer therefore provides a simple strategy for

improving performance and lifetime of unencapsulated perovskite solar cells.

Experimental Methods

Device fabrication and characterization:

The ITO substrates were cleaned by sequentially washing in an ultrasonic bath with detergent, deionized water,
acetone and isopropanol before being dried under a stream on N, and treated with UV-ozone immediately prior

to use. Poly(triaryl)amine (PTAA) solution (2mg/ml in chlorobenzene) was spin-coated on the ITO at 3000 rpm
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for 20 seconds. PFN (0.5mg/ml in methanol) was spin-coated on the substrate at 5000 rpm for 20 seconds to
modify the wettability. The perovskite solution was spin-coated on substrates at 4000 rpm for 30 seconds. At 7
seconds, 0.4ml diethyl ether was dripped on the substrate. The substrates were annealed at 60 °C for 2 minutes
and then at 100 °C for 60 minutes. During the annealing process, the substrate was covered by a petri dish. After
the thermal annealing process, the phenyl-C61-butyric acid methyl ester (PCBM) solution (40mg/ml in
chlorobenzene) was passed through a 0.45 um filter spin-coated on the substrate. The bathocuproine (BCP)
solution (0.5mg/ml in methanol) was spin-coated on the substrate. Finally, 100nm Cu was evaporated as top
electrode. For the device aged under dry air and illumination, Cr (3.5nm)/Au(100nm) was used to prevent
electrode oxidation. J-V characteristics were measured under Air Mass 1.5G global (AM 1.5G) illumination. J-V

scans were obtained at a scan rate of 100mV s’ controlled by a Keithley 236 sourcemeter.

A Bentham PVE300 photovoltaic QE system was used to obtain the EQE spectrum over the wavelength range 300
-800nm. Device stability was measured in dry air or in N> with 1 sun illumination provided by an array of LEDs
with devices held at their maximum power point (mpp) during the measurement. The light intensity of LEDs was

calibrated by reaching the same Jsc of PSCs measured under AM 1.5G filtered xenon lamp.

Scanning electron microscopy (SEM) and X-ray diffraction

A Leo Gemini 1525 Field Emission Scanning Electron Microscope (FE-SEM) was used to obtain SEM images. All
samples were coated with a 5nm Cr layer. The working distance was between 2-5mm and the working voltage
was fixed at 5 kV. XRD data were obtained using a Bruker D2 Phaser instrument operating at 40 kV and 40 mA
with aged devices measured using a PANalytical X’Pert Pro Multi-Purpose Diffractometer (MPD) at the same

operational conditions.

Thin film photoluminescence and device photoluminescence
All perovskite thin films and devices were sealed before measurements. PL was obtained using a Horiba Jobin

Yvon Fluorolog system with the light source provided by 550nm CW laser with the intensity equivalent to 1 sun.

Time-of-Flight Mass Spectrometry (ToF-SIMS)

ToF-SIMS was performed using the TOF.SIMS5 (IONTOF) instrument. For static measurements, a 25 kV Bis*
primary ion beam was used to raster an analysis area of 150 um x 150 um with 128 pixels x 128 pixels in the
‘interlaced’ mode. The dose was kept at < 1 x 102 ions/cm? to ensure static conditions. For depth-profile
measurements, an Oy* sputter beam at 1 kV and 220nA was rastered over an area of 300 um x 300 um within
which the primary ion beam (as above) was rastered. The primary-ion analysis mode was high-current bunched

mode (HCBM) for higher mass resolution.
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(a) Amino acids (AAs) employed as additives. J-V characterization of perovskite solar cells

with (b) 1 vol. %, and (c) 2 vol. % of the AAs added to the active layer during processing. (d) Average

short-circuit current density (Jsc) of devices with 1 vol. % and 2 vol. % of the amino acid additives. (e)

Forward and reverse J-V scan of the champion device. Inset figure shows the stabilized PCE tracked at

the maximum power point. Note: the MAPbI; reference cells in (b-c) and the 0 Carbon number data in

(d) were prepared using 1-2 vol. % deionized water free from any AAs.
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Figure 2 (a) XRD patterns, highlighting the MAPbIs* (110) and Pbl," (001) diffraction peaks, for MAPbIs

reference and MAPbls/amino acid films as-prepared (fresh) and after ageing. (b-c) photographs

showing fresh and aged films, the yellow color seen in the aged reference (R) film is attributed to near

complete degradation of MAPIs to Pbl,.
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interfaced with charge selective interlayers (CTLs) (c) complete device held at open circuit, and (d) complete device held at short circuit.
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and (d)PLcris/PLpyk derived from Figure 4a-b.
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Figure 5 (a) Schematic diagram of device PL emission measurement. PL emission spectra of complete
devices employing (b) neat MAPbl; and MAPbI; with 1 vol. % (c) glycine (d) B-alanine (e)
v-aminobutyric acid (f) 5-aminovaleric acid at both open and short circuit conditions. (g) calculated
PLsc/PLoc. (h) The current density of PSCs employing amino acid additives and the PLsc/PLpyk Of the
corresponding devices.
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MAPBI,- 1C (Glycine) | MAPBI, - 4C (AVA)
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Figure 6. Selected m/z peaks of static ToF-SIMS (negative polarity) identified from fragmentation of
or ionization of amino acid additives.(a) [Gly-H]' m/z = 74.024, (b) [AVA-H]" m/z = 116.07 and (c)
[AVA]™ (m/z = 117.08). The mass fragments identified are characteristic of the individual AAs used.
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Figure 7 Device stability (maximum power point) of MAPbI; with and without glycine under 1 sun illumination in

(@) N2 and (b) dry air, the dashed vertical line indicates a drop in 15 % of the initial PCE (tss lifetime) (c) XRD

patterns focusing on the MAPbIs*(110) and Pbl," (001) diffraction regions of devices aged under full sun

illumination in dry air for 120 hours. Note the onset of peak splitting observed in the MAPbIs#(110) on ageing.

ToF-SIMS depth-profiles of MAPbI; and MAPbI3-1C (with glycine) devices after 50 and 250 hours of oxygen and

light stress showing (d) Iy species with a significant accumulation of I3~ at the HTL/MAPblI; interface , highlighted

by red dashed circle, after 250 hours as opposed to the relatively suppressed signal in MAPbIs-1C and (e)

Pbl, species with no observable difference between the two samples.
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